Background: The isolated forearm test (IFT) is the gold standard test of connected consciousness (awareness of the environment) during anaesthesia. The frontal alpha-delta EEG pattern (seen in slow wave sleep) is widely held to indicate anaesthetic-induced unconsciousness. A priori we proposed that one responder with the frontal alpha-delta EEG pattern would falsify this concept. Methods: Frontal EEG was recorded in a subset of patients from three centres participating in an international multicentre study of IFT responsiveness following tracheal intubation. Raw EEG waveforms were analysed for power-frequency spectra, depth-ofanaesthesia indices, permutation entropy, slow wave activity saturation and alpha-delta amplitude-phase coupling. Results: Volitional responses to verbal command occurred in six out of 90 patients. Three responses occurred immediately following intubation in patients (from Sites 1 and 2) exhibiting an alpha-delta dominant (delta power >20 dB, alpha power >10 dB) EEG pattern. The power-frequency spectra obtained during these responses were similar to those of non-responders (P>0.05) at those sites. A further three responses occurred in (Site 3) patients not exhibiting the classic alpha-delta EEG pattern; these responses occurred later relative to intubation, and in patients had been co-administered ketamine and less volatile anaesthetic compared with Site 1 and 2 patients. None of the derived depth-of-anaesthesia indices could robustly discrimate IFT responders and non-responders. Conclusions: Connected consciousness can occur in the presence of the frontal alpha-delta EEG pattern during anaesthesia. Frontal EEG parameters do not readily discriminate volitional responsiveness (a marker of connected consciousness) and unresponsiveness during anaesthesia. Clinical trial registration: NCT02248623
Connected consciousness can be defined as 'subjective experience of the external environment. ' 1 Reports of awareness with recall show that connected consciousness does occur occasionally during intended general anaesthesia. However, as anaesthetic agents are amnesic at subhypnotic doses, 2 lack of explicit recall cannot be regarded as evidence of absence of experience. The isolated forearm test (IFT) 3 is a practical means of overcoming the amnesia problem, and hence of assessing consciousness during anaesthesia in real-time when muscle relaxants are used. The common-sense interpretation of a timely volitional response to a command is that the patient had some form of connected consciousness. We can assume that subjective experience of the command occurs with the execution of an appropriate directed response. However, it should be noted that the IFT responsive state is not necessarily equivalent to the normal alert state. General anaesthesia with >0.5 minimum alveolar concentration (MAC) of a volatile anaesthetic or propofol >2 mg ml À1 is almost always associated with the appearance of a high voltage slow wave (alpha-delta) pattern in the frontal EEG. 4 5 This pattern is a sign of thalamo-cortical hyperpolarization and is very similar to that seen in slow wave sleep. Consequently, it has been suggested by many authors [4] [5] [6] [7] [8] [9] [10] to be indicative of anaesthetic unconsciousness. If this were so, it should not be possible for a patient to make an appropriate volitional response in the presence of this EEG pattern. Karl Popper captured the weak link in scientific inductive reasoning with the famous quote: '. . .no matter how many instances of white swans we may have observed, this does not justify the conclusion that all swans are white. ' We have followed this logicthat a single episode of an event (e.g. a black swan) may invalidate an 'always' notion (e.g. all swans are white). 11 Proposed markers of consciousness under anaesthesia typically take this black and white view and thus may be challenged along Popperian lines. Commercially available processed EEG monitors have commonly failed to predict or detect volitional behavioural responses revealed by isolated forearm testing during general anaesthesia. [12] [13] [14] [15] However, as only processed dimensionless EEG values derived from proprietary algorithms were reported in these studies, it has been unclear why the monitors failed to detect such events. We recently conducted an international multicentre prospective cohort study to determine the incidence of IFT responsiveness following laryngoscopy and tracheal intubation during routine anaesthetic clinical practice. 16 We present our findings from a subset of these patients in whom simultaneous EEG recordings were taken. Specifically, we have examined the raw EEG recording, which to the best of our knowledge has not been done previously. Our aim was to ascertain if the archetypal alpha-delta EEG pattern was present in any of the patients who responded appropriately to command during the IFT; any such patients would disprove the proposition that the frontal alpha-delta pattern reliably indicates anaesthetic unconsciousness.
Methods

Study design
This is a substudy of EEG recordings taking at three of the sites (Waikato Hospital, New Zealand, University of Wisconsin, Madison, USA, and CHR Citadelle Hospital of Liè ge, Belgium) involved in a larger prospective observational study. 16 Institutional Review Board or Local Ethics Committee approval was obtained at each site and the study was placed on a clinical trials registry (NCT02248623). Participants were adults (16 yr and over) undergoing laryngoscopy and tracheal intubation as part of their routine anaesthetic care. Informed consent was obtained from all patients. Exclusion criteria were inability to complete commands preoperatively, inaccessibility of the dominant forearm or contraindication to tourniquet (e.g. lymphoedema risk or operative site) and cardiac or intracranial neurosurgical procedures. Recruitment took place between December 2014 and August 2015.
Study conduct
Conduct of anaesthesia was at the discretion of the responsible anaesthetist, who was independent from the study, with no stipulations upon which agents were administered. Standard monitoring (non-invasive blood pressure, ECG, pulse oximetry, end-tidal CO 2 , O 2 and volatile agent concentrations) was performed on all patients. Age, gender, BMI, comorbidities and regular medications were recorded. Details of all medications administered and laryngoscopy difficulty and duration were recorded, along with heart rate and blood pressure readings during the study period. A modified Brice questionnaire was administered within 24 h of the anaesthetic episode to screen for awareness with explicit recall.
Isolated forearm testing
Following induction of anaesthesia, a tourniquet was inflated to 50 mm Hg above systolic blood pressure on the forearm prior to administration of muscle relaxant. Prior to and following laryngoscopy and intubation, the patient was given a command: '(name), if you can hear me, squeeze my hand.' A volitional response (IFT positive) was defined as an appropriate squeeze of the investigator's hand immediately after the verbal command; this was witnessed where possible by a second observer. Other movements that occurred during and following laryngoscopy and intubation, independent of command, were not considered to be cognitive volitional responses. 16 Neuromuscular transmission in the forearm was verified by train-of-four count by stimulation of the ulnar nerve. At one site (Site 3), commands were given repeatedly and volitional responses that occurred >1 min following intubation were marked as late responses. Site 3 also differed from the other two sites in that it was routine local practice to co-administer ketamine during induction of anaesthesia and volatile anaesthesia was not typically commenced until after intubation.
Editor's key points
• The frontal alpha-delta EEG pattern is an index of anaesthetic-induced unconsciousness, and the isolated forearm test is a validated method of detecting consciousness under general anaesthesia.
• In a prospective multicentre study, positive responses to the isolated forearm test following induction of general anaesthesia and tracheal intubation were observed in several patients despite frontal alpha-delta EEG patterns.
• The alpha-delta-dominant EEG pattern does not preclude connected consciousness under general anaesthesia.
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EEG collection and analysis
Frontal EEG recordings were obtained using the Bispectral Index monitor (BIS Vista, Covidien, Medtronic, Minneapolis, MN, USA) at Sites 1 and 2 and the NeuroSENSE monitor (NeuroWave Systems Inc., Cleveland Heights, OH, USA) at Site 3. Standard commercial electrode strips, montages and impedance checks were used. The EEG recordings were commenced at the start of anaesthesia, and times of events were noted using a stopwatch, taps or monitor event markers.
Raw EEG waveforms for each patient were uploaded from the monitors and analysed using MATLAB software (The Mathworks, Natick, MA, USA). High-pass 0.2 Hz and low-pass 45 Hz third-order Butterworth filters were applied sequentially with the phasepreserving MATLAB 'filtfilt.m' function. EEG signals acquired from the NeuroSENSE monitors were then downsampled to match the acquired BIS sampling frequency of 128 s -1 (note both monitors record at considerably higher sampling frequencies than are available as the waveform output). Artifact-free epochs of 20 s duration were selected for each patient, which were typically 20-40 s prior to the onset of laryngoscopy and 20-40 s after tracheal intubation, except in the cases of the late responses where a 20 s artifact-free epoch centred on the recorded response was used. Burst suppression was identified as alternating episodes of electrical quiescence and waveforms by review of raw EEG and spectrograms by consensus of three researchers experienced in EEG interpretation. Where burst suppression was present, no further spectral analysis was employed.
The typical EEG pattern seen during general anaesthesia with volatile anaesthetics is marked by an increase in amplitude and a shift to low frequencies, the so-called alpha-delta pattern seen in the power-frequency spectrum. 5 Therefore, power-frequency spectra were obtained by a modified Fast Fourier Transform using the Chronux 17 toolbox 'mtspectrumc.m' multitaper function in MATLAB with a frequency resolution of 0.4 Hz (with 15 tapers) followed by logarithmic transformation of power to decibels (dB, referenced to 1 mV). Spectrograms were created using the Chronux 'mtspecgramc.m' function with a moving window of 4 s duration with 1 s overlap. Delta power was defined as the peak power observed in the delta frequency band (0.5-4 Hz). Alpha power was defined as the peak power in the extended alpha frequency band (7-17 Hz); we designate the frequency of this peak as the alpha peak frequency. Oscillatory alpha power is the power at the alpha peak frequency over and above the background broadband noise. 18 Theta, beta and low gamma powers reported were the average power in these frequency bands (4-7 Hz, 17-32 Hz and 32-45 Hz, respectively). Mean BIS or NeuroSense and EMG values corresponding to the selected epochs are also reported.
Putative EEG indices of consciousness
In addition to the usual spectral analysis of the EEG, there are a number of recently published, more nuanced, single-channel EEG analysis methods that have been proposed to be reliable biomarkers of anaesthetic-induced unconsciousness. We therefore applied these algorithms to our data, modified where needed for shorter EEG, epochs appropriate to the fluctuating clinical situation around induction of anaesthesia, to see if they could reliably distinguish volitional responders from non-responders. We examined:
1. Permutation Entropy (PE) 19 -a robust measure of the complexity inherent in the EEG waveform.
Slow Wave Activity Saturation (SWAS)
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-the degree to which each individual has approached their maximum possible 1 Hz power; which has been linked to functional brain imaging evidence of loss of thalamic and cortical activation to auditory and noxious stimuli during propofol administration. This was calculated as the slow wave amplitude (0.1-1.5 Hz) at the time of interest divided by the maximum slow wave amplitude observed in that patient during the whole induction period. This does assume that the true maximum possible slow wave amplitude was in fact reached at some time during the induction process, due to relative overdosing of the induction bolus. We calculated alpha saturation in a similar manner using peak alpha amplitudes. 3. The alpha-slow wave amplitude-phase coupling-commonly called 'Peak/TroughMAX'(P max I)-a measure of the tendency of the maximum alpha amplitude to occur at the peaks of slow wave oscillations. 21 22 We used a slightly modified version of the algorithm. Initially, 60 s segments of the raw EEG signal were bandpass filtered between 0.1 and 45 Hz using fifth-order Butterworth filters and the phase-preserving 'filtfilt.m' MATLAB function. Sections of EEG signal >3 SD were rejected as artifacts. We then extracted the two frequency bands of interest by applying fifth-order phase-preserving Butterworth bandpass filters for 0.1-1 Hz [slow wave oscillation (SWO), and 8-14 Hz (alpha)]. Using an artificial white noise test signal, this showed about 20 dB Hz -1 drop off either side of the frequency band of interest. The instantaneous phase and amplitude for each of these signals was then obtained using the Hilbert transformation. A purpose written MATLAB function then obtained the envelope of the amplitude in the alpha frequency band, and produced the 18 bin modulogram linking the alpha envelope amplitude to the phase of the SWO. A peak-max pattern of coupling should show maximum alpha amplitude when the slow wave phase is around zero radians; whereas the trough-max pattern shows maximum alpha amplitude when the slow wave phase is close to p and Àp radians. Thus, the ratio of mean alpha amplitude in bins 7-12, divided by the mean alpha amplitude in bins 1-3 and 16-18 will give an index (P max I). A P max I value greater than one indicates tendency to peak-max, and less than one indicates trough-max. The original papers suggest that at least 120 s of EEG is required to accurately estimate the amplitude-phase coupling index; however, it is not possible to achieve a stationary signal of this length in the rapidly changing situation around the clinical induction of anaesthesia and intubation.
Statistical analysis
The study was not statistically powered to show a difference in the mean values of EEG parameters between IFT responders and non-responders. A priori we did not know the incidence of IFT responsiveness, and, given the low rate of IFT responsiveness encountered, a study size many orders of magnitude greater would be required to do so with reasonable certainty. In any case, showing a difference in means is meaningless and unrelated to the primary scientific question, namely 'Is volitional responsiveness (our surrogate of connected consciousness) possible when the frontal EEG exhibits the classic alphadelta signature during general anaesthesia?' This requires examination of outliers, not the measure of central tendency.
The underlying philosophy of the analysis was therefore that of direct falsification. If we could find any instances of patients showing an unequivocal volitional IFT response when their EEG was suggestive of unconsciousness, then we could claim that that particular EEG pattern (or EEG index) was not logically necessary for unconsciousness. One of the critiques of this approach is that there might be auxiliary questions related to quantitative indices of thalamocortical hyperpolarization. Perhaps 'Is volitional unresponsiveness only seen when we have achieved a maximal amount of delta power (SWAS), or the correct alpha-delta phase relationship (P max I)?' Our secondary aim was therefore to determine whether any existing quantitative frontal alpha-delta EEG measurements showed potential clinical utility in the detection of IFT responsiveness. We were therefore not interested in usual statistical recipes of comparing mean values between different groups, but instead examined how the indices for individual responders compared with the distribution [inter-quartile range (IQR)] of non-responders: any values lying within the IQR of non-responders suggesting poor potential discriminatory ability.
Although we do not have large numbers of IFT positive data points, it is possible to derive a likelihood function ('normlike.m') to estimate the negative log-likelihood that our responder data points came from a range of possible probability distributions, and thus get an idea of whether the putative index has achieved much separation between responders and nonresponders. The discriminatory capability of an EEG index requires there to be minimal overlap between IFT responsiveness and non-responsiveness.
Results
Complete EEG data were analysed from 86 of 90 participants from three sites. Four EEGs were excluded from analysis because the timings of IFT commands were uncertain (none of these participants responded to command). Train-of-four testing verified intact neuromuscular transmission in the isolated forearm in all cases. On postoperative questioning there were no episodes of explicit recall of surgery or the IFT commands.
EEG findings prior to laryngoscopy and intubation
There was significant variance in anaesthetic practice between Sites 1 and 2 (n¼63) and Site 3 (n¼23) where ketamine was routinely used for co-induction and volatile anaesthetic was rarely administered prior to intubation. In addition, Site 3 used the NeuroSENSE monitor to acquire the EEG signal whereas the other sites used BIS. Thus, EEG patterns differed markedly by site (Fig. 1) , even prior to laryngoscopy and intubation [e.g. delta power 26.6 (3.5) dB at Sites 1 and 2 vs 15.1 (2.9) dB at Site 3, P<0.0001]. Burst suppression also occurred more frequently at Sites 1 and 2, compared with Site 3. For these reasons the spectra and indices have been presented in two respective groups in Figure 1 and Tables 1 and 2 .
Volitional response to verbal command
A clear volitional (IFT positive) response following laryngoscopy and intubation was witnessed in six patients (6.7%). Their characteristics and anaesthetic doses and regimens are shown in Table 3 . All of the responses at Sites 1 and 2 (Responders A, B and C) occurred immediately after the initial verbal command (within 1 min of intubation). At Site 3, commands were repeated around every 10 s for a longer period after intubation. There were no responses to the initial command, but responses did occur to further commands at approximately 120 (Responder D), 80 (Responder E) and 160 s (Responder F) after intubation.
EEG spectra of responders
No responses occurred with burst suppression evident on the EEG
Sites 1 and 2
All three IFT responses (Responders A, B and C) occurred in the presence of a clear frontal alpha-delta dominant EEG patternboth prior to laryngoscopy and at the time of the response after intubation. We term these 'alpha-delta responders'. Figure 2 shows the spectrogram of one such responder; the alpha-delta pattern was present throughout the period of interest. The spectra of responders are displayed in colour against nonresponders from epochs prior to laryngoscopy (Fig. 1A) and around the IFT command (Fig. 1C) . No consistent distinguishing features were apparent from these spectra, and alpha and delta powers of these responders lie comfortably above the lower quartile of non-responders (Table 1) .
Site 3
The spectra of these responders (D, E and F), differed significantly from the alpha-delta responders, showing reduced power in the lower frequency ranges ( Fig. 1 and Table 2 ). The prelaryngoscopy spectra for these responders were comparable with the non-responders from the same site, with similar clinical regimes, but the spectra during responses were at the extreme of the Site 3 spectra, particularly showing reduced power in the delta frequency range (Fig. 1D) . Note that these epochs were later relative to intubation (and therefore also later relative to propofol induction of anaesthesia) than the nonresponder epochs. Figure 3 is a typical spectrogram of a responder from this site showing a gradual reduction in lower frequency activity and increasing higher frequency activity leading up to the recorded responses.
Further putative EEG indices
As regards to frontal SWAS, no responders were fully saturated (defined as SWAS values >95%), although one response occurred at 92% saturation. SWAS values for the alpha-delta responders were all above the lower quartile; thus-with the proviso that peak SWA may not have been achieved in all cases around induction-SWAS did not show strong discriminatory capability for these responders.
Overall the P max I was significantly >1 (P<0.0001) in nonresponders, indicating that most patients were showing a tendency to a peak-max pattern. The six responders had a neutral or trough-max pattern at the time of IFT; five of six of these values were outside the IQRs of the respective non-responders; however, they were not at the extremes of values observed in non-responders, and 30 of the non-responders had values <1.
Most of the derived EEG indices of the alpha-delta responders lay within the middle quartiles (or even towards the unexpected end of the distribution), so none showed an unequivocal delineation between responders and non-responders. Conversely, many of the derived indices for the Site 3 responders were outside the IQRs of non-responders (Table 2) for the Site 3 responders were 90, 80 and 72. PE, like BIS, delta power and SWAS, was unable to differentiate the alpha-delta responders from the non-responders. Log-likelihood curve analysis suggested that the alpha-delta responders data came from probability distributions very similar to those of the nonresponding patients.
Discussion
Falsifiability is a philosophy of science, articulated by Karl Popper, 11 that a single event is sufficient to refute some hypotheses: the observation of a single black swan is sufficient to disprove the notion that all swans are white. Our most striking finding was the occurrence of volitional responses in the presence of strong frontal alpha-delta activity; essentially we discovered three black swans. These establish that the frontal alpha-delta EEG pattern is not causally linked to unconsciousness. In these three responders, the noxious stimulus of laryngoscopy and intubation resulted in sufficient arousal to change the state of the individuals so as to become able to make a volitional response to command. This arousal was not associated with the loss of low frequency activity and return of high frequency activity typically associated with return of responsiveness following anaesthesia (and seen in our Site 3 responders) and was essentially not visible to the frontal EEG. In fact, our data suggest that the only frontal EEG pattern that precludes volitional response is burst suppression; however, slow wave saturation or peak trough max index >1 cannot be completely dismissed. Notably, and in contrast to many of the other indices, the non-responder P max I values from the different sites were comparable. This index seems to be resilient to different anaesthetic techniques including lower doses of volatile anaesthetics and the disorganizing electroencephalographic effects of ketamine.
The frontal alpha-delta EEG signature has been proposed as a plausible biomarker of anaesthetic unconsciousness, as an indicator of a quiescent hyperpolarized thalamo-cortical system with diminished capacity for sensory information transfer to [4] [5] [6] [7] [8] [9] [10] Multiple studies in volunteers and patients have associated the appearance of this pattern with loss of responsiveness during induction of propofol or volatile-agent-based anaesthesia and its disappearance prior to return of responsiveness during emergence from anaesthesia. 4 20 However, unresponsiveness 6 ¼ unconsciousness, 1 as we all understand from our experiences of dreaming during sleep where experience is driven by internal sources. In this context, while external stimuli are occasionally perceived during dreaming, the dream is not generated by external sensory stimuli (a state of disconnected consciousness while unresponsive to the environment). Here, we extend these observations to show that experience of, and interaction with, our environment can occur even in the presence of profound suppression of the frontal cortical EEG. Neuroscientists might find this less surprising as: (1) (6) propofol sedation diminishes frontal, but not temporal, cortical activity to ambiguous words, implying that higher-order cortical function can be blunted but sound perception maintained. 30 31 Interestingly, reducing frontal activation during sedation correlated with reduced implicit memory after the event, and so it is possible that frontal slowing may be associated with poor memory consolidation. However, the relationship between the alpha-delta pattern and awareness with explicit recall remains unknown. Recent studies of disconnected consciousness have demonstrated that posterior cortical activity correlates closely with dream reports when woken from sleep. 29 32 Extension of these findings to our experiment, where responders appear to be roused from anaesthesia by the intense noxious stimulation of laryngoscopy and intubation, suggests that a similar posterior region could mediate some episodes of connected consciousness during anaesthesia. The consistency of our findings with human lesion data, demonstrating clearly that consciousness does not require frontal cortical activity, is most compelling. Future work must consider more broadly the brain regions monitored during anaesthesia. Our findings are consistent with previous studies in which behavioural responsiveness has been observed in patients with processed EEG depth-of-anaesthesia values lying well within manufacturers' recommended target range for general anaesthesia. [13] [14] [15] Indeed in 154 patients in our full study dataset, numerical values for depth of anaesthesia monitors were available. 16 At the population level, monitor values were higher in IFT responders than non-responders; however, receiver-operating curve analysis demonstrated that processed depth of anaesthesia values were not able to reliably discriminate between IFT responders and non-responders. We performed spectral analysis around the time of the IFT response to test whether we could identify an EEG pattern suggestive of unconsciousness, or if an issue such as loss of EMG, noise, artifact, or algorithm or equipment malfunction affected the monitor output values. The alpha-delta responders we observed had frontal EEG spectral appearances typical of anaesthetized patients, indicating that the low depth of anaesthesia values, and failure of the monitor to detect the IFT response, were probably not due to musclerelaxant-induced loss of EMG, which has been identified as a limitation of the BIS monitor. 33 The Site 3 responders had spectral findings more consistent with cortical depolarization, which might have been caused by the ketamine, low or absent volatile anaesthetic doses, or by declining propofol concentrations. This was detected appropriately by the NeuroSENSE monitor in the presence of muscle relaxants. However, the proprietary indices would have 'missed' half of the IFT responders in this study. We argue that any measure that is proposed to advance depth of anaesthesia monitoring should measure something that is causally linked to consciousness. As such we should record from sites other than, or in addition to, the frontal cortex. It is reassuring that the burst response pattern was not associated with connected consciousness. Unlike local sleep, local burst responses at the EEG level have not been noted. Hence, it is likely that frontal burst suppression indicates a global suppression of cortical activity that would suppress the integration of information and therefore consciousness.
Our sample size is small, and with only six responders we can make only limited statistical inferences from our data. However, in this case, applying the same EEG parameters to larger samples would not advance matters, it would simply equate to looking harder in the wrong place-finding another 20 black swans does not change the conclusion (although it does tell you how common black swans might be).
This study was a substudy of a larger observational study of routine anaesthetic practice, and there was significant heterogeneity in administered anaesthetic regimes. This resulted in post hoc analysis of one site separately. Comparing the preintubation spectra from Sites 1 and 2, it appears that ketamine masks appearance of the alpha-delta signature somewhat, despite the use of comparable induction doses of propofol. Site 3 spectra had lower delta and alpha activity and the alpha peak occurred at a higher frequency. These findings are consistent with a study specifically designed to investigate the propofol/ketamine interaction 34 and with the known effects of ketamine at higher doses in decreasing alpha and increasing gamma activity. 35 Thus, we attribute the differences between Site 3 and Sites 1 and 2 spectra predominantly to the different anaesthetic regime typically used at Site 3. However, it is also possible that some of the differences in spectral findings between sites were in part due to the different EEG acquisition systems used (e.g. electrodes systems, inbuilt noise reduction and filtering). These differences have made interpretation of the EEG findings somewhat problematic. Additionally, the alpha-delta responses at Sites 1 and 2 were clearly temporally related to the noxious stimuli of intubation whereas two of the Site 3 responses occurred significantly later (around 120 and 160 s after intubation), and only after repeated commands (which were not executed at the other sites), when some decay in propofol concentrations might have occurred. Our 'black swans' from Sites 1 and 2 suggest that the alpha-delta pattern might be better regarded as a sign of gamma-amino-butyric-acid(GABA)-ergic-induced hyperpolarization than unconsciousness per se. The alpha-delta signature might still be considered evidence of GABA-ergic agent delivery, but the return of responsiveness induced by the stimulus of laryngscopy and intubation was not accompanied by loss of this pattern. However, it should be noted that GABA-ergic drug delivery is not always accompanied by the classic alpha-delta signature, particularly in the presence of ketamine, which has a wide variety of effects on synaptic function and neuromodulator activity, 36 which might partially explain this observation. In contrast, at the time of their responses the Site 3 responders probably had low GABA-ergic activity, and this might explain why their frontal EEG responses were more consistent with those traditionally associated with normal wakefulness. The existence of the three patients from Sites 1 and 2 who were responsive in the presence of a strong alpha-delta pattern means this pattern is not sufficient for unconsciousness. Conversely, the existence of many patients from Site 3 who were unresponsive in the absence of an alpha-delta pattern shows that this pattern is not necessary for unconsciousness.
An alternative, and perhaps controversial, explanation of the considerable overlap we have observed in frontal EEG patterns in behaviourally distinct (responsive and unresponsive) states, is that many of the non-responding patients were, in fact, conscious. It is probable that isolated forearm testing underestimates the incidence of real-time intraoperative awareness due to effects of anaesthetic agents on motivation to respond, cognitive processing and the motor response. 1 For instance ketamine might have contributed to the lack of responsiveness in some of the Site 3 non-responders, who had EEG findings more traditionally associated with wakefulness. Furthermore, any potentially conscious but disconnected (dreaming) individuals who were unaware of their environment, would also be defined as IFT negative. Thus, it is possible that many more patients who showed a typical alpha-delta EEG pattern were actually in a state of at least partial consciousness. Conversely, we also assume that an appropriate response is evidence of consciousness (i.e. the subjective experience of the auditory command). We cannot completely exclude the possibility that the informed consent process conditioned participants for a somewhat automated response to the sound of their name. In addition, as no recall was reported in our responders, it is possible that the alpha-delta signature is associated with (but not a requisite for) anaesthetic-induced amnesia. Given the prominent role of the frontal cortex in higher-order cognition it may be that the alpha-delta responders still had a degree of cognitive impairment not detected by the simple command we used-the qualitative natures of potential IFT responsive states remain to be fully elucidated and IFT responsiveness should not necessarily be considered equivalent to the normal awake state.
Conclusions
Frontal EEG parameters do not readily discriminate volitional responsiveness (a marker of connected consciousness) and unresponsiveness during anaesthesia. The alpha-delta dominant frontal EEG signature is not sufficient to ensure unconsciousness during intended general anaesthesia.
